Introduction
Neurons, being post-mitotic cells with limited regenerative capabilities particularly in the mammalian central nervous system (CNS), are equipped with sensitive injury surveillance and response mechanisms that ensure that surmountable damage is not lethal, but that irreversible lesion leads to the regulated elimination of cellular structures or even the entire neuron. One of the best characterized injury responses is Wallerian degeneration, the systematic elimination of traumatized axons, during which the distal end of the axon degrades while the proximal end is either preserved for regeneration or transmits apoptotic signals to the cell body (1, 2) . DLK, a mixed lineage kinase in the mitogen activated protein kinase (MAPK) pathway is required for this process across species (3) . Whereas axotomy or axonal crush leads to profuse neuronal death in a number of experimental settings, in animals lacking DLK, apoptosis is delayed or prevented altogether; in other contexts where regeneration is possible, DLK is required for the re-extension of severed axons (4) (5) (6) (7) (8) (9) .
In addition to its well-studied role in injury response, DLK is critical for nervous system development as it regulates neuronal migration (10) , axon specification and neurite extension (10) (11) (12) , axon elimination, and programmed cell death (13) . Few studies have examined the role of DLK in mature uninjured neurons, particularly in the mammalian CNS. In Drosophila and C. elegans, the DLK orthologs wallenda (Wnd) and DLK-1 regulate presynaptic function and morphology at the neuromuscular junction (14) and limit synaptic strength (15) . However, adult somatic knockout of DLK in mice revealed no CNS phenotype other than resistance to various neuronal insults and a modest increase in post-synaptic evoked potentials in the hippocampus (16) .
The mechanisms by which DLK subserves distinct roles in degeneration, regeneration, and development are not clear. To perform its function DLK activation must be permissive, as it responds to a wide array of injuries, including excitotoxicity, chemotoxicity, mechanical damage, and neurodegeneration due to pathologically misfolded and aggregated proteins (1, 17) . However given that DLK activation can lead to axon retraction and programmed cell death, strict control over its signaling is essential. There are several possible means by which DLK signaling is directed appropriately to the desired context-dependent outcome. One is the subcellular localization of DLK and its JNK effectors. DLK is generally restricted to axons, growth cones, and post-synaptic densities, spatially restricting it from the cell body (8, 18, 19) . This compartmentalization likely involves the palmitoylation of DLK, which leads to physical association with transport vesicles (20) . A second mechanism is the integrity of axonal transport. Impaired axonal trafficking caused by cytoskeletal disruption or kinesin mutations causes the accumulation of presynaptic cargo in the axon initial segment and cell body and triggers DLKmediated injury response through an as-yet undescribed mechanism (21, 22) . Without disrupted trafficking DLK does not evoke an injury response in these contexts.
The abundance of DLK is also a critical factor in determining outcome. DLK is constrained by rapid proteolysis resulting from ubiquitinylation by Pam/Highwire/RPM-1 (PHR) family members (12, 18, (23) (24) (25) . Injury-dependent signaling by three redundant Ste20 kinases, MAP4K4, misshapen-like kinase 1 (MINK1/Map4k6) and Traf2-and Nck-interacting kinase (TNIK/Map4k7) promote DLK stabilization (26) . Reducing DLK degradation is sufficient to trigger signaling, since blocking DLK proteolysis or overwhelming degradation by overexpression (27) are sufficient to cause pathway activation, perhaps by generating sufficient protein concentrations to drive homodimerization and intermolecular autophosphorylation (28) .
DLK activity is also directed to an appropriate outcome by signalsome assembly, when activated DLK interacts with its direct substrates MKK4/Map2k4 or MKK7/Map2k7, which genetic deletion studies prove are functionally distinct (29) , and one of the three JNK isoforms, each of which has unique signaling properties (30) . These complexes can be scaffolded onto one of the JIP proteins (JIP-1, JIP-2, JIP-3, POSH/Sh3rf1 and JLP/Spag9) (31) (32) (33) (34) , which are attached to motor proteins such as kinesins and provide both a platform for signaling crosstalk and a mechanism to transmit signal to the nucleus by retrograde transport. JIP proteins have complex, partially overlapping binding specificities and are substrates for a number of kinases that regulate their affinity for DLK, JNK, and kinesins.
The ultimate output of the signaling cascade is typically induction of AP-1 transcription factors, principally c-Jun, which JNK phosphorylates on S63 or S73, licensing its nuclear translocation and transactivation of apoptotic or pro-regenerative genes (35) . This differential response to p-cJun reflects in part the availability of nuclear heterodimerization partners (36) , highlighting the importance of other signaling pathways in determining the ultimate outcome of DLK activation.
Here, we observed constitutive DLK activity leading to nuclear p-c-Jun accumulation in the adult mouse cerebellum in the absence of injury, suggesting that there must be additional regulatory mechanisms operating to promote proper DLK signaling in mature post-mitotic neurons. We compared DLK-dependent gene expression signatures in the cerebellum, where DLK is constitutively active, to those in the hippocampus, where DLK signaling is restrained in the absence of neuronal insult. We find that DLK signaling elicits different downstream pathways depending on whether its function is homeostatic or injury-induced, perhaps reflecting the differential availability of scaffolding and effector proteins.
Materials and Methods
Study design. C57Bl/6 male mice (3-4 months old) used in this study were obtained from the Jackson Laboratory. For all experiments DLKi was formulated in 0.5% methylcellulose and administered by oral gavage (10 mL/kg). Experiments utilizing DLKi were terminated 105 minutes following the last dose (corresponding to the time of maximal plasma and brain drug concentrations) and tissues were isolated as described below. For DLK antibody validation heterozygous matings of B6;129P2-MAP3k12Gt were established to produce wild-type (Map3k12+/+), heterozygous (Map3k12+/-) and homozygous (Map3k12-/-) offspring. Brain tissue was extracted from E16-E20 embryos. rTg4510 mice were obtained from the Jackson Laboratory. All mice were initially group-housed at 22°C with a 12-h light/dark cycle (lights on at 6 am). Food and water were available ad libitum. Prior to experiments, mice were single-housed and randomly assigned to their respective treatment groups that were matched for age, sex, and Tissue harvesting. Once the mouse was deeply anesthetized with 2% isoflurane, the thoracic cavity was opened and the blood was collected using a 1 mL syringe pre-coated with heparin (Sagent; 5,000 Units/ml) and quickly transferred to an EDTA coated Capiject (Terumo) collection tube and mixed for 10 min. Isolated plasma was immediately flash frozen until used for pharmacokinetic analysis. For the mice used in all experiments, except for ActivX KiNativ kinase profiling experiment, a cardiac perfusion was performed following blood collection using 2X PhosSTOP phosphatase inhibitors (Roche) and 1X Complete protease inhibitors (Roche) in 1X PBS pH 7.4 (Ambion). The brain was removed and the hemispheres were separated at the midline.
The right hemisphere was further dissected to isolate cerebellum, brainstem, hippocampus and remaining forebrain and snap frozen. For all experiments except for RNASeq experiment, left hemisphere was postfixed in 4% paraformaldehyde in PBS (Affymetrix) and kept at 4ᵒC overnight.
The left hemisphere was then sequentially cryoprotected in 20% sucrose followed by 30% sucrose and maitained at 4ᵒC. The cryoprotected hemisphere was then sectioned sagitally at 30 µm using a cryostat (Leica Biosciences). Sections were preserved in cryoprotectant (30% glycerol, 30 ethylene glycol and 1xPBS) and stored at -20ᵒC. For RNAseq experiment left hemisphere was dissected to isolate cerebellum, brainstem, hippocampus and remaining forebrain in Eppendorf™ Snap-Cap Microcentrifuge Biopur™ Safe-Lock™ Tubes and snap frozen for RNA isolation. Thermo Scientific) by mechanical homogenization on ice until a homogenous suspension was obtained. Lysates were centrifuged at 14,000Xg at 4ᵒC for 30 minutes. The supernatants were snap frozen on dry ice and stored at -80ᵒC. Total protein concentration was determined using DC Protein Assay (Bio-Rad). Lysates were diluted with 4X protein sample loading buffer (Licor) containing 10% 2-mercaptoethanol and heated to 95ᵒC for 10 min. The samples were then subjected to gel electrophoresis on NuPAGE 4-12% Bis-Tris Gels (Life technologies) using 1X MES running buffer (Life Technologies) after which they were transferred to nitrocellulose membranes (Life Technologies) and incubated with Odessey Blocking Buffer (Licor) for 1 h at room temperature.
The membranes were then incubated with primary antibodies overnight at 4ᵒC with continual shaking, washed three times with 1X TBS-0.1% Tween (TBST) at room temperature with continuous shaking, and then incubated in secondary antibodies for 1 h at room temperature with continuous shaking before washing with TBST three times. The membranes were then imaged using the Licor Odyssey Imager and quantified using Image Studio 4.0 Software (Licor). The data were analyzed using Microsoft Excel and GraphPad Prism.
Immunohistochemistry and immunofluorescence analysis. Free floating sagittal brain sections (30 µm) were washed in TBS and subjected to antigen retrieval for 20 min at 90°C in a sodium citrate buffer (Sigma). Endogenous fluorescence was quenched by incubation in 10 mM glycine in TBS with 0.25% Triton X-100 (TBS-T) followed by blocking in 5% horse serum in TBS-T.
Sections were incubated overnight at 4°C in primary antibodies diluted in 1% BSA in TBS-T, followed by secondary antibody incubation for 2 h at room temperature. Sections were stained for nuclei using Hoechst 33342 (Life Technologies), mounted on Superfrost Plus slides (Fisherbrand) in VectaShield mounting media (Vector Labs) and allowed to cure overnight before imaging. DAB immunohistochemistry was performed using Vector ABC (Vector Labs) according to the manufacturer's instructions. After the final reaction was terminated, sections were mounted on Superfrost Plus slides in Cytoseal XYL mounting media (Sigma) and allowed to cure overnight before imaging. Images were acquired on a Nikon Eclipse Ti confocal microscope using 20X and 60X objectives and NIS Elements Imaging Software (Nikon). For comparison between conditions, the same acquisition settings were used for each channel across samples. All images were processed using ImageJ software (NIH), using the signal from control IgG staining to set the background. To assess the level of p-c-Jun immunofluorescence in Hoechst-positive nuclei in the brain, a mask was created in the Hoechst image, applied to the corresponding p-c-Jun image, and fluorescence outside the region defined by the mask was cleared. The remaining fluorescence was quantified by measuring the raw integrated density in the field, which is the sum of the pixel values in the image. The raw integrated density signal was then expressed as a percentage of the signal in the cerebellum of vehicle-treated control.
RNASeq Analysis. Snap frozen tissue (cerebellum and hippocampus) was homogenized per manufacturer's recommendation using Qiagen RNeasy Mini kit lysis buffer and and Qiagen Tissuerupter and RNA purified using the Qiagen RNeasy Mini kit. mRNA-seq was performed using Illumina HiSeq 4000 with 76 paired-end reads. Sequence read quality was assessed using FastQC v0.11.5 (59) before and after adapter trimming. Adapter trimming was conducted using Cutadapt v1.15 (60) . The trimmed paired end read sequences were then aligned to the mouse reference genome GRCm38 (mm10) using the STAR aligner v2.5.1b (37) , (38) . Genes were quantified using the STAR aligner option quantMode which utilizes the HTSeq algorithm (39).
Low counts were discarded and data was normalized (standard method), followed by differential gene expression analysis (ANOVA) using Partek® Flow® version 7.0 (Copyright 2018; Partek Inc.). Heatmap was generated using Heatmapper (40) . Ingenuity Pathway Analysis was performed as previously described (41) . DiRE was used for promoter analysis (42) . STRING Analysis (version 10.5) was used to examine the most highly interconnected genes correlated with Jun (43) . Pharmacokinetic/Pharmacodynamic (PK/PD) Analysis. PK/PD analysis was performed using GraphPad Prism software. The percent change in cerebellar p-c-Jun/c-Jun levels relative to vehicle control obtained from the western blot analysis was utilized as the pharmacodynamic response and plotted against the PK parameter. The four parameter logistic curve was utilized to obtain the IC 50 values.
Results

DLK drives c-Jun phosphorylation in the adult mouse cerebellum.
We assessed DLK expression in three regions of the adult C57Bl/6 mouse brain (Fig. 1A) . In each region, DLK immunoreactivity broadly labeled neurons and their processes, with particular intensity in the molecular layer of the cerebellum and in the mossy fibers extending to the CA3 region of the hippocampus (Fig. 1B) . Morphological examination revealed that DLK is predominantly axonal, consistent with previous reports (44) . Next we examined p-c-Jun; intense immunoreactivity was noted in the nuclei in the granule cell layer of the cerebellum within cells that have the morphological appearance of cerebellar granule neurons (Fig. 1D,E ). As these animals were handled for 4 days prior to sacrifice to prevent stress-induced p-c-Jun expression, p-c-Jun was sparse in other brain regions; approximately 10-fold lower throughout the cortex and hippocampus as measured by total nuclear fluorescence intensity, with only occasional p-c-Jun-positive nuclei (Fig. 1F) . DLK, p-c-Jun, and c-Jun levels in in forebrain, hippocampus, and cerebellum was also assessed by Western blot. We first confirmed using DLK -/-animals the specificity of two different DLK antibodies, as both detected a band at 120 kD that was absent in the DLK -/-mouse brain lysate (Fig. S1A) . Moreover the 120 kD species was verified as mouse DLK by immunoprecipitation followed by mass spectrometry (Fig. S1B ). Using these validated reagents, full-length DLK was expressed at similar levels in all three brain regions (Fig. 1C) . The biochemical assessment of pc-Jun aligned with the immunofluorescence data: levels were higher in cerebellum and lower in the hippocampus and forebrain (Fig. 1F) . As would be predicted, since p-c-Jun drives its own expression (45), c-Jun levels were also lower in those regions.
Given this result we asked whether the DLK drives the phosphorylation and nuclear accumulation of c-Jun in the cerebellum. To block DLK activity fully throughout the brain, we used a highly selective DLK inhibitor (DLKi) with good oral bioavailability and CNS penetration. Acutely blocking DLK (105 min) rather than using conditional knockout has two advantages: virtually complete DLK inhibition is possible, and the short duration of inhibition helps limit the findings to direct effects of kinase inhibition rather than any potential compensation. We administered DLKi orally to C57Bl/6 mice and assessed cerebellar p-c-Jun levels by Western blot and immunofluorescence. At 105 min post single dose of DLKi, nuclear p-c-Jun immunofluorescence in the granule cell layer was nearly completely abolished in a dose-dependent manner ( Fig. 2A-B ). Western blots of cerebellar lysates indicated that DLK protein level was unchanged, but p-cJun levels declined approximately 3-fold in 10 mg/kg and 30 mg/kg DLKi-treated mice compared to vehicle treated mice (Fig. 2C-D) and Jak1 site 1, demonstrating high selectivity (Fig. 2E) . At brain concentrations associated with p-c-Jun reduction (>10 M), DLK was >95% bound to DLKi in the brain, whereas LZK and JAK1 was bound ~50% or less (Fig. 2F) . Increasing the dose to achieve greater inhibition of LZK or other kinases did not further reduce p-c-Jun (Fig. 2D) . Thus, we conclude that DLK is required for the majority of the p-c-Jun in the cerebellar granule neurons. 
DLK is activated in the forebrain of rTg4510 mice by pathological tau. DLK is generally regarded as injury induced, leading us to question how DLK-mediated signaling differs between
the cerebellum, where its activation does not cause degeneration, and the hippocampus and forebrain, where its activation contributes to synapse elimination and neuronal loss (17) . To study this question we employed rTg4510 mice, which express high levels of P301L mutant human tau specifically in the forebrain and hippocampus, causing widespread neuronal loss in those regions in an age-dependent manner by 6 months of age (Fig. 3A) , but sparing the cerebellum (47) . A similar mouse model (Tau P301L) was used to demonstrate that DLK is required for nuclear p-cJun accumulation and contributes to neuronal loss in the subiculum (17) .
Immunofluorescence staining on sagittal brain sections from 7-8 month old rTg4510 (Tg) mice and non-transgenic littermates (nTg) allowed us to compare forebrain, hippocampus, and cerebellum and examine p-c-Jun levels. We observed an elevation of nuclear p-c-Jun in the hippocampus and forebrain of Tg mice relative to nTg mice (Fig. 3B ). Western blots with the AT8 antibody recognizing hyperphosphorylated tau confirmed that Tg brain lysates from the forebrain and hippocampus contained high levels of pathological tau (Fig. 3C) . As expected cerebellar lysates (from both nTg and Tg) had negligible amounts of hyperphosphorylated tau. In line with our immunofluorescence data, Western blot analysis further confirmed that Tg mice, as compared to nTg, had elevated levels of p-c-Jun in the brain regions (forebrain and hippocampus) with high levels of hyperphosphorylated tau (Fig. 3C-D) . Next we examined markers of neuronal injury and synaptic proteins. Not surprisingly the accumulation of hyperphosphorylated tau and elevation of p-c-Jun in forebrain and hippocampus of Tg mice was also associated with increase in the markers of gliosis, GFAP and IBA1, denoting astrocytic and microglial activation, respectively. normalized to GAPDH, and c-Jun (n=6), normalized to GAPDH, from the lysates obtained from cerebellum, cortex and hippocampus of 7-8 months old nTg (white bars) and Tg (red bars) mice, plotted as mean percent change relative to nTg cerebellum group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, One-way repeated measures ANOVA, followed by Tukey's multiple comparisons test.
Pearson correlation analysis of the relative protein expression of GFAP and IBA1 revealed a significant positive correlation with p-c-Jun in the forebrain and hippocampus (R 2 =0.788, P value<0.0001 for GFAP and R 2 =0.871, P value<0.0001 for IBA1), but no such correlation was found in the cerebellum (R 2 =0.006, P value=0.809 for GFAP and R 2 =0.197, P value=0.149 for IBA1) (Fig 4) . In contrast in the cerebellum there was significant correlation between p-c-Jun and synaptophysin, a presynaptic marker, (R 2 =0.896, P value<0.0001) and also to a lesser degree between p-c-Jun and PSD-95, a post-synaptic protein (R 2 =0.333, P value<0.05) (Fig. 4) . These data further suggested that DLK function differs depending on whether it is induced by pathological stimuli, in which case p-c-Jun correlates with gliosis, or is constitutively active, in which case p-c-Jun corresponds to synaptic markers. 
DLK drives nuclear p-c-Jun accumulation in the forebrain and hippocampus of rTg4510
mice. We initially tested whether DLK inhibition would reduce the p-c-Jun observed in response to pathological tau by dosing a small cohort of 7-8 month-old rTg4510 mice for 5 days with DLKi (Fig. 5A) , followed by immunohistochemistry and Western blot. Five days was chosen to ensure that sufficient time was allowed to capture DLK-dependent p-c-Jun in this disease model. In the nTg mice, as seen in C57Bl/6 mice (Fig. 1) , there was abundant nuclear p-c-Jun in the cerebellar granule cells but sparse nuclear p-c-Jun in the cortex and CA3 region of the hippocampus (Fig.   5B ). In the Tg mice, as compared to nTg mice, there was marked p-c-Jun immunoreactivity in the nuclei of cortical and CA3 hippocampal neurons, which was nearly eliminated by the DLKi. These observations were further confirmed by Western blot (Fig. 5C) . DLK levels remained identical in all brain regions regardless of genotype and treatment. In the cerebellum, p-c-Jun was equally present in both nTg and Tg animals and similarly reduced by DLKi. In contrast, the Tg mice showed increased p-c-Jun in the hippocampus and cortex; this induction was reduced to nTg levels after dosing with the DLKi. Quantification of p-c-Jun (n=6), normalized to GAPDH, and c-Jun (n=6), normalized to GAPDH, from the lysates obtained from cerebellum, forebrain and hippocampus of nTg (white bars) and Tg (red bars) mice treated with vehicle or DLKi, plotted as mean percent change relative to nTg vehicle group in respective brain region. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, One-way repeated measures ANOVA, followed by Tukey's multiple comparisons test.
Having observed DLK dependent p-c-Jun in the Tg mouse forebrain and hippocampus, we repeated this experiment with larger numbers of animals to quantify the data and to examine pMKK4, a direct product of DLK activity. The other known direct produce of DLK, pMKK7, was not measurable reliably in mouse brain with any available antibodies and thus was not included.
We chose a shorter duration and lower dose to minimize secondary effects of DLK inhibition or off-target activity (Fig. 5D) . Again there was no change in DLK levels in any condition, and DLKi in the cerebellum decreased p-c-Jun 76.4% in nTg and 73.9% in Tg mice (both comparison P value<0.001, one-way repeated measure ANOVA, followed by Tukey's multiple comparisons test), with no effect of transgenic status (Fig 5F) . In the forebrain and hippocampus, In the Tg mice, p-c-Jun was significantly elevated compared to nTg 2.1-fold in forebrain and 1.9-fold in hippocampus (both comparisons P value<0.0001, one-way repeated measure ANOVA, followed by Tukey's multiple comparisons test); this elevation was abolished by DLKi. p-c-Jun was reduced by DLKi by 55.9% and 55.1% in the nTg and Tg forebrain respectively, and 62.1% and 51.4% in the nTg and Tg hippocampus, respectively (all of these comparisons P value<0.0001, one-way repeated measure ANOVA, followed by Tukey's multiple comparisons test). pMKK4 was present in the cerebellum and both Tg and nTg hippocampus, and in both regions it is reduced by DLKi, demonstrating that pMKK4 is in part constitutively phosphorylated by DLK in that region. Interestingly, pMKK4 is also present and partially repressed by DLKi in the forebrain and hippocampus (Fig. 5E) . Thus DLK has some baseline activity in the cerebellum, forebrain, and hippocampus, but only in the cerebellum does this activity culminate in extensive nuclear p-c-Jun under normal conditions. DLK scaffolding proteins are differentially expressed in cerebellum versus cortex and hippocampus. We reasoned that there must be differences in DLK signaling cofactors that explain why DLK activity leads to abundant nuclear p-c-Jun in the cerebellum but not in the forebrain or hippocampus in the absence of neuronal stress. We then examined our RNAseq data (see below)
for regional disparities in expression of known JNK scaffolding genes. Of the genes examined, only one, Sh3rf1 (POSH), was highly regionally enriched, with >10-fold greater expression in the hippocampus than in the cerebellum. We then compared other known cofactors by western blot.
DLK expression was the same across brain regions, but JIP-1 was predominant in the cerebellum as previously reported (48), whereas JIP3, POSH, pMKK4, JNK1, and JNK3 were enriched in the hippocampus and forebrain. Thus the differential availability of signaling partners could determine whether nuclear p-c-Jun results from DLK activity. ANOVA and post-hoc tests accounting for brain region, genotype, and treatment identified significant (p<0.05) differentially expressed genes in the DLKi treatment groups (Fig. 7A,B) . In the hippocampus, roughly similar number of genes were upregulated as were downregulated by DLKi, with substantially more genes reaching significance in the Tg compared to nTg hippocampus, consistent with the elevated p-c-Jun in the disease model. In contrast, approximately 3000 genes were differentially expressed in the cerebellum and were 2-3-fold more likely to be downregulated, indicating that constitutive DLK activity in the cerebellum primarily induces gene expression (Fig. 7C) . For reasons we do not yet understand, the Tg cerebellum was more sensitive to DLKi than the nTg cerebellum despite the absence of pathological tau in that brain region. Heatmap visualization showed that some genes were affected by DLKi in both brain regions while others showed regional dependence. Among the transcripts differentially expressed following DLKi treatment regardless of region are known DLK pathway components such as Jun, Jund, and the JNK phosphatases Dusp8 and Dusp16 (Fig 8A) . We examined other genes consistently regulated by DLKi to identify potential novel pathway components. Four genes showed similar regulation patterns to these above known pathway members such as Jun. These include the mRNA for pro-apoptotic Bcl-2 relative Harakiri (Hrk); Sh2d3c, also known as SHEP-1, a scaffolding protein implicated in JNK and Cas signaling (50); Stmn4, a stathmin family member that induces microtubule destabilization (51); and Rps6kl1, encoding a potential kinase that has not been studied (Fig. 8B) . Finally, we submitted the combined differentially expressed genes (Fig. 7B) to regulatory element analysis to identify putative transcription factors mediating the response to DLKi. Predicted Jun binding sites were the most significantly enriched (Fig. 8D) , suggesting that p-c-Jun is a primary means by which DLK regulates transcription in these regions. (D) Promoter analysis using DIRE of the most significantly altered DLK-dependent genes (listed in (Fig. 7B) ) indicates c-Jun is the most significantly represented (Importance score) transcriptional element.
Pathway Analysis of Jun Co-regulated Genes. Next we mined the gene expression data to understand the differential function of DLK in the nTg cerebellum versus Tg hippocampus. Given that Jun mRNA induction is a surrogate for DLK-dependent nuclear p-c-Jun activity, a Pearson correlation analysis was performed to identify the genes that are co-regulated with Jun mRNA in both contexts. 688 and 1104 genes were significantly correlated with Jun mRNA (p<0.05) in nTg DLKi cerebellum and Tg DLKi hippocampal samples, respectively. KEGG pathway analysis found 7 pathways to be significantly altered in nTg DLKi cerebellum, mostly involving basic metabolism pathways (Fig. 9A) , whereas 10 pathways showed significant enrichment in Tg DLKi hippocampus samples, most pathways indicating involvement in immune cell function (Fig. 9B) .
Thus constitutive DLK signaling in the cerebellum differs in functional output from the diseaseinduced DLK signaling in the Tg hippocampus. 
Discussion
The MAPK/JNK signaling pathway performs diverse, sometimes opposing functions, ranging from apoptosis to proliferation, depending on context. Here we illustrate that this diversity of function extends to DLK, which is not only a regulator of developmental processes and injury response, but also performs homeostatic functions likely related to synaptic function in the mature cerebellum. We observed robust nuclear p-c-Jun in cerebellar granule cells in adult mice, and by acutely blocking DLK with a highly selective inhibitor, p-c-Jun levels decreased rapidly. Given the highly selective nature of this DLKi, this decrease in p-c-Jun is likely due predominantly to DLK inhibition, although a minor contribution by LZK, which can also activate the JNK pathway, cannot be excluded.
This observation means that, in addition to mechanisms that activate DLK in injured and developing neurons, there must also be as-yet undefined processes that allow DLK to trigger p-cJun nuclear accumulation in cerebellar granule cells and/or that restrict c-Jun phosphorylation in other types of neurons. This mechanism does not appear to be driven by DLK stabilization, as has been observed in various peripheral nerve injury models (12, 18, (23) (24) (25) 51) , because DLK levels were constant in all regions and conditions tested. DLK's direct substrate pMKK4 is ~50% reduced by DLKi in both the hippocampus and cerebellum regardless of disease status, implying that DLK is constitutively active in both brain regions, and that regulation occurs further downstream. We suspect this regulation occurs at the assembly of the signaling complex, because DLK/JNK scaffolding proteins 1) interact with motor proteins to allow transport of the signaling complex to the perinuclear area and 2) can recruit negative regulatory factors such as phosphatases that limit signaling (32) . Thus scaffolding of the DLK signalsome could be a key regulatory step. Support for this idea comes from the regional distribution of JIP-1, JIP-3, and POSH. JIP-1 is more abundant in the cerebellum, whereas JIP-3 and POSH are more abundant in the hippocampus, presumably leading to differences in DLK/JNK scaffolding and thus the outcome of DLK signaling. In dorsal root ganglion neurons, JIP-3, but not JIP-1, is essential for DLK-mediated apoptosis (52) , highlighting the functional differences associated with the availability of specific scaffolding protein, and raising the possibility that the lower JIP-3 in the cerebellum promotes physiological DLK signaling. The strikingly higher levels of POSH in the hippocampus could also be functionally important. POSH forms a complex with JIP-1 (53) and like JIP-1, is required for injury-induced hippocampal apoptosis (54, 55) . Perhaps JIP-3 and putative JIP-1/POSH heterodimers limit DLK signaling in healthy hippocampal neurons but permit it following injury. Future studies will be required to test this hypothesis.
Several genes were identified as commonly repressed in all conditions by DLKi; these genes include Jun, Jund, the JNK phosphatases Dusp8 and Dusp16, and other components of the DLK/JNK signaling pathway. Reasoning that genes co-regulated with these known factors might be novel components of DLK signaling, we searched for transcripts that were also consistently down-regulated by DLKi and identified four genes of interest. Of note is Harakiri (Hrk), a c-Jun direct target gene that was previously shown to be DLK-induced (5, 56) and is required for neuronal death after trophic factor withdrawal or axotomy in vitro (57) . Hrk mRNA is >20-fold higher in the hippocampus than the cerebellum (Fig. 6e) , suggesting that it could contribute to regional differences in DLK signaling relating to injury responses.
The comparative transcriptomics data also show that DLK signaling can have significantly different outcomes depending on context, not only regionally, but under normal physiological conditions or disease. Pathway analyses of the cerebellum data showed that the genes co-regulated with Jun mRNA were enriched in basic metabolic pathways, suggesting a DLK-mediated link between synaptic function and metabolism. These data are consistent with the strong correlation we observed between p-c-jun and synaptophysin, and work in mice and invertebrates demonstrating a role for DLK in regulating synaptic strength (16) . No gross changes in motor function or ambulatory behavior after long-term conditional DLK knockdown has been reported, thus the impact on DLK signaling on cerebellar physiology remains unknown. Detailed electrophysiological experiments in the DLK adult somatic knockout mouse will be important to reveal this function.
Compared to the cerebellum, the role of DLK under normal physiological conditions in the hippocampus appears minimal, as DLK inhibition led to very few gene expression changes. When high levels of pathological tau in the hippocampus cause DLK-dependent nuclear p-c-Jun, far more genes were differentially expressed. Here the Jun co-regulated gene set maps functionally to pathways involved in immune cell function such as complement pathway, which is involved in developmental and pathological synapse elimination (58) . Future studies will determine if DLKdependent crosstalk between injured neurons and microglia, which produce complement, contribute to synaptic loss in injury and neurodegeneration.
